INTRODUCTION
On July 14, 1894 the British Medical Journal published Ulsterman Almroth Wright's 1,2 description of the citration of blood. Development and deployment of blood transfusion was advanced by surgical scientists trained at Queen's Belfast, Harvard, and Johns Hopkins. We describe the cooperation between these institutions in the development of techniques for human blood transfusion. The use of citrates to allow storage of human blood for indirect transfusion took 21 years from 1894 to develop. Why so long? Landsteiner in 1901 described human blood groups 4 ( Fig. 1 ), Jansky different group incompatibility in 1907 8 and Moss isoagglutinins and isohaemolysis in 1910 9, 10 . Their American Landsteiner was born in Vienna of Jewish parents, and graduated from the University of Vienna Medical School in 1891, already having published on the constitution of incinerated blood. He then trained under Hantsch of Zurich, Emil Fischer at Würzberg and Bamberger of Munich-five years as a chemist 5 . Landsteiner then became a pathologist and published extensively on the transmission of syphilis and poliomyelitis. He journeyed first-class by train with inoculated monkeys to the Pasteur Institute in Paris 5 . Peyton Rous, his colleague at the Rockefeller Institute, has written, "The fate of Landsteiner's effort to call attention to the practical bearing of the group differences in human bloods provides an exquisite instance of knowledge marking time on technique. Transfusion was still not done because (until at least 1915), the risk of clotting was too great" The Ulster Medical Journal www.ums.ac.uk contemporary, George W. Crile, described and investigated human direct artery to vein blood transfusion 11 and was soon after visited in Cleveland, Ohio by Berkeley Moynihan, later Lord Moynihan 12 . George W. Crile 11, 13, 14 Moynihan and Andrew Fullerton [15] [16] [17] [18] [19] [20] of Belfast were excellent technical surgeons who mastered dissection of the radial artery of the donor who was laid alongside the isolated major vein of the patient, generally a cephalic at the elbow. The artery was connected to the vein. Measurement of transfusion volume was difficult. On adverse reaction the donor's artery was clamped 13 .
PRE-WORLD WAR I
On July 24, 1912 the first perioperative blood transfusion at the Massachusetts General Hospital was conducted by Drs. C. Alan Porter, Henry Marble and Adams Leland using a paraffinated collection vessel and delivery cannula. This transfusion was untoward as was the accompanying operation 21 .
*
The previous month George R. Minot 22 30, 32 . Also working in this laboratory on blood coagulation and transfusion at this time were George R. Minot 34, 35 and the Irish College nominated Andrew Fullerton, also of Queen's [15] [16] [17] [18] [19] [20] 34 . These distinguished surgeons were acceptable to the Canadians, French and the United States. P.T. Crymble 34, 36, 37 , later to be Andrew Fullerton 39, 40 .
ANTE-BELLUM UNITED STATES
Roger I. Lee and Richard Cabot of Harvard on April 5, 1915 41 suggested that with Welch's Carnegie funding, Oswald ("Robby") Robertson should proceed to work on further blood transfusion problems in Peyton Rous' (Fig. 5) 6 ) was the instigator of blood transfusion of the wounded. This he did as a volunteer in Paris using the Harvard Kimpton paraffin-coated transfusion apparatus 21, 61 . Alexis Carrel (Fig. 7) , already a Nobel Laureate in 1912, followed Vincent's example, also in Paris, but used direct artery to vein anastomosis, as did fellow volunteer in Paris, George W. Crile 11, 13, 14 . , Oswald H. Robertson ended his career as Professor of Zoology at Stanford, specializing in the study of Californian habitats and especially the endocrinology of Pacific salmon 28, 29 . King George V elected him, an American, a DSO in 1918 30 . . Dr. C. Allen Porter, a senior MGH surgeon, had now almost 3 years of experience of blood transfusion and was an old friend of Lee. Together they went to the front where Lee was wounded on the chin by a German with "a good eye" 31 . "By this time Porter and I were due home" at Harvard 31 . They returned with a conviction that blood transfusion had to be expanded and widely deployed up to the Allied front line 31 .
USA NOW AT WAR
When Lee returned in June 1917 again to Dannes-Camiers, this time with Harvard's 5 th U.S. Base Hospital (Fig. 8) , "We promptly got down to work. Due to the experience of some of us in the first unit, the new unit was much better prepared. . "…In a special meeting on transfusion, a 'well-known American' was pooh-poohing blood typing…He went on to demonstrate, and the poor devil of a patient died then and there" 31 . So the Oswald Robertson system of indirect transfusion of citrated Rous-Robertson-Turner nutrition enhanced stored crossmatched blood won out, later to be improved by the Geoffrey Keynes drip chamber 73 . Many, many medical personnel were trained in this system and questionnaires had to be completed. . "He said it was too bad, that they ought to have picked out our top sergeant for the job" 31 . "To be sure, the sergeant is stupid, ill-mannered, and a bit of a drunk, but well suited for the job" 31 . Cushing and Lee continued as friends until Cushing's death. "But when he [Cushing] got up a sort of reunion of our unit, he just didn't send me an invitation," writes Lee 62 . In his Nobel Lecture, Carrel states ,"In his admirable method for the transfusion of the blood, Crile first used suture for the anastomosis of the blood vessels. Although the suture is difficult in very small vessels, it has, nevertheless, been used with success in the transfusion of the blood in infants. The study of the circulation of the blood through metallic tubes has led to a simpler technique… which will increase the efficiency of Crile's method" 63 . After O.H. "Robby" Robertson's urging, the Canadians moved from direct syringe or artery to vein anastomosis transfusion to using O.H. "Robby" Robertson bottles of stored citrated blood at Dressing Stations. Back at the ambulance units, Guiou and his men made compartmental wooden cases two feet long and fourteen inches high. To keep needles sharp, a glass blower designed a stone apparatus that led to standardization by the Allied Medical Research Committee. By Armistice both the American and Canadian forces were allowing the complete procedure of transfusion from Robertson bottles by dressers who were generally of the rank of acting sergeants, and by Harvard trained nurses who were widely deployed to other Allied Units 78, 79 ( Fig. 9) .
Fig 8. Some of the officers of U.S. Base Hospital Number 5 at
By 1916 the Allies employed teams of surgical instructors to go forward from the base hospitals 31, 39 . Geoffrey Keynes, educated at Rugby, Pembroke College, Cambridge, and Barts was trained by Major Benjamin Harrison Alton .
www.ums.ac.uk surgery 34 " and Fullerton as "The recognized master in genitourinary surgery" 15-17,19-20, 34,81-82 . Crymble had an excellent record removing bullets and shrapnel from the chest 34, 36, 37 .
By 1918 each base-hospital and casualty clearing station hospital was transfusing about 50 to 100 pints of blood to an average of 50 wounded each day on the Western Front (Fig  10) . The Middle East usage now under Colonel Professor Sinclair's control was lower because Allenby's casualty rate was lower. Wounded Turkish prisoners were also transfused in significant numbers. Essentially, in 1918 all transfused blood was citrated. Some but not the majority of transfused blood, was typed and stored in blood banks designed by Dr. Oswald "Robby" Robertson 30, 73, 84 . Geoffrey Keynes did not in 1917 or 1918 transfuse any blood that had not been typed and cross-matched 73, 79 . Fullerton, Keynes and the Robertsons' teams, including Harvard nurses, also carried blood in labeled portable wooden boxes generally carrying twelve [Oswald H.] Robertson glass bottles, each containing the Rous solution of citrate and enhanced glucose, which Keynes had improved by adding a glass drip chamber to improve calculation of infusion rate and as a check for possible emboli 73 . Pathologists such as Houston had become increasingly preoccupied with testing donors for blood transmissible diseases such as syphilis and malaria. Lightly wounded soldiers were added to the numbers of the fit soldiers and civilians who donated multiple times at monthly to six-week intervals 73, 84 .
The increased organization and number of trauma teams made in 1918 less frequent scenes like those described in Oswald Robertson's diary for November 30 th , 1917:
"By noon, the wounded began to arrive, then more and more till there was a solid string of ambulances…We were simply deluged. We couldn't operate more than a small fraction…couldn't get rid of them as the ambulance trains were hung up…ammunition trains had the right of way…resuscitation ward was a veritable chamber of horrors…hemorrhage, hemorrhage, hemorrhage-blood everywhere-clothes soaked in the blood, pools of blood in the stretchers, streams of blood dripping from the stretchers to the floor. Cushing, whether in war or peace was an early riser 38, 39 . Milo, the Keynes' third son, we heard, was lucky enough to meet Cushing before breakfast in the Keynes' garden in Hampstead. This large garden has three steep terraces. His father said Milo had insisted on giving Cushing "a ride on a ramshackle go-cart assembled by himself and his elder brothers." Cushing was "deposited dangerously on his head at the bottom of the slope" 79 . Geoffrey Keynes said he knew Charlie Huggins's father (who was seven years later to share the 1966 Nobel Prize for Physiology or Medicine with Peyton Rous). The Nobel citation of Rous describes his epic work with Oswald H. Robertson on the preservation of blood -work done over a half-century before 42 .
Geoffrey Keynes described how in the autumn of 1949, "When Margaret (née Darwin) and I were attending a surgical conference in Ireland, my mother….aided and abetted by my eldest son Richard, boldly bought the estate near Cambridge" 79 . We were warmly invited to call when next nearby.
CONCLUSIONS
The actual delay from Almroth Wright's 1894 description of citration of blood to its widespread deployment at the end of World War I was almost a quarter of a century. The biological and logistical problems as we have seen were not trivial. Blood groups had to be described and testing for them perfected. Surgeons had to learn how to perform arteriovenous anastomoses, isoagglutinins and haemolysins had to be characterized, donor response to phlebotomy quantitated, the conditions and timing to clotting determined and human response to blood transfusion studied. Gum had to be abandoned and saline relegated to a temporary role, and the route and dose of citrate to be elucidated. The dimensions of the apparatuses for phlebotomy and transfusion had to be described then optimized. The selection and care of donors had to be worked out. The performance of blood transfused after different time intervals and storage conditions had to be elucidated. The transmission of diseases such as syphilis, malaria and infectious hepatitis had to be prevented. Personnel, first surgeons, then other physicians, nurses and orderlies had to be trained. Techniques and equipment for transportation and storage of citrated blood had to be agreed and standardized. 
